Abstract The role of environmental carcinogen exposure in breast cancer development has long been suspected, but no specific association has been identified so far. A few molecular epidemiology studies reported that DNA adducts detected by different methods are associated with a modest increase of breast cancer risk. We aimed to evaluate the association between bulky DNA adducts, detected by the 32 P-postlabelling method in peripheral leukocytes, and the risk of developing breast cancer in the female Italian cohorts of the EPIC (European Prospective Investigation into Cancer and nutrition) study. By using a nested casecontrol design, breast cancer cases identified in the followup of over 30,000 women of EPIC-Italy study have been matched to controls by specific criteria. We measured the levels of bulky DNA adducts by the 32 P-postlabelling method in peripheral leukocytes donated at enrolment. Conditional regression analyses adjusted for selected potential confounders were used. Results on DNA adduct levels were available for 292 cases and 292 matched controls. The mean DNA adduct levels were similar in both groups (P = 0.62). Multivariate regression analyses failed to show any significant association between bulky DNA adducts and breast cancer. Our results do not support any association of breast cancer risk with exposure to environmental carcinogens as measured through the levels of bulky DNA adducts in pre-diagnostic white blood cells. Larger studies by using different methods and/or biomarkers are needed to better evaluate the role of specific environmental carcinogens in breast carcinogenesis.
Introduction
Breast cancer (BC) is by far the most frequent diagnosed cancer worldwide among women in 2008, and is the most frequent cause of cancer death in women in both developing and developed regions [1] . Also in Italy, according to recent data of the Italian Network of Cancer Registries for the period [2003] [2004] [2005] , BC is the most frequent cancer and the first cause of cancer death in the female population [2] .
As with most other human cancers, the occurrence of BC is related to both individual host and environmental factors [3] . While individual factors related to reproductive history and hormonal status are well known, the role of environmental carcinogen exposure in BC development has not been well defined [4] .
Previous studies of small size have reported that breast tissue samples obtained from women with BC have a significantly higher level of DNA adducts, detected by 32 P-postlabelling or immunoassay methods, in comparison to those obtained from controls [5] [6] [7] [8] . Recently, a modest support for an association between DNA adducts, detected by ELISA method, and BC development has been reported by a larger population-based study [9] , and by a pooled analysis [10] .
Several chemical compounds, such as polycyclic aromatic hydrocarbons (PAHs), and other aromatic compounds to which there is a wide human exposure, have been shown experimentally to cause mammary cancers in laboratory animals and to bind to DNA in breast epithelial cells, thus forming DNA adducts [11] [12] [13] [14] . When unrepaired, DNA adducts can cause mutations, including mutational hotspots in the p53 tumour suppressor gene and other genes which may ultimately induce cancer development [15] .
Different methods may be used to measure DNA adducts in human tissues. The 32 P-postlabelling method, widely applied because of its high sensitivity and the requirement for only microgram amounts of DNA, typically detects a mixture of adducts often referred to as aromatic or bulky adducts [16] . However, it is virtually impossible to determine the structure of the labelled adduct detected by this approach and based on the resulting chromatographic spots or high-performance liquid chromatography peaks [16] . Bulky DNA adducts represent markers of exposure to different carcinogenic aromatic compounds, and of the individual ability to metabolically activate carcinogens and to repair DNA damage, and may be considered as markers of cancer risk [17] . Some studies have reported that cancer cases at different sites (lung, bladder, oral cavity) have higher bulky DNA adduct levels than controls [18] [19] [20] . In other studies, this difference was influenced by smoking history, being more evident only in current-smokers [21] [22] [23] [24] , or in never-smokers [25] . On the other hand, one study did not support any association between bulky DNA adducts and bladder cancer risk [26] .
The aim of the current study was to evaluate the association between bulky DNA adducts, detected by the 32 P-postlabelling method in peripheral leukocytes, and the risk of developing BC in the Italian female cohort of the EPIC (European Prospective Investigation into Cancer and nutrition) study.
Materials and methods

EPIC-Italy
The Italian section of the large European project on diet and cancer known as EPIC [27] is based on 47,749 volunteers of both sexes, with 32,578 women, aged 35-64 years, enroled in five centres across different areas of the country: Varese and Turin in the Northern part of the country, Florence in Central Italy and Ragusa and Naples in Southern Italy. Recruitment of volunteers was carried out in the period January 1993-March 1998. After the signature of an informed consent, at enrolment weight, height, waist and hip circumferences were measured for each participant, according to an international study protocol. Detailed individual information has been collected on lifestyle habits by a standardised lifestyle questionnaire, and on dietary habits by a Food Frequency Questionnaire specifically developed for the Italian dietary habits [28] .
Blood collection and storage
For each participant, a blood sample was collected according to a standardised protocol, and has been processed by centrifugation on the same day of collection, and divided into 28 aliquots [27] . The aliquots have been stored in liquid nitrogen tanks at -196°C in the local EPIC biological banks and centrally at IARC, Lyon. Follow-up for cancer incidence and state in life Incident BC cases were identified through record linkage with local Cancer Registries and medical records of the main local hospitals. In all study centres each BC diagnosis was confirmed by a comprehensive review of pathology reports that followed a detailed protocol for the collection and standardization of clinical and pathological data. Information on the state in life was collected from local Mortality Registries. The end of the study period was defined as the latest date of complete follow-up for both cancer incidence and vital status (overall, 31 December 2001).
Selection of study subjects
Study subjects (cases and controls) were selected among women who at blood donation reported that they did not use exogenous hormones for contraception or medical purposes and who had not been previously diagnosed with cancer (except for non-melanoma skin cancer). 'Cases' were women who developed BC after they were enroled into the EPIC study and before the end of the study period. For each BC case patient, up to two 'controls' were chosen at random among appropriate risks sets consisting of all cohort members alive and free of cancer (except for nonmelanoma skin cancer) at the time of diagnosis of the index case. Matching characteristics included the study centre where the subjects were enroled in the cohort, age at blood donation (±6 months) and menopausal status (premenopausal or postmenopausal). A total of 295 BC cases and 295 matched controls were included in the present study, and their samples were retrieved from the project biological bank. A few samples were not available for DNA analysis, and 3 matched sets were excluded. DNA adduct levels were available for 292 BC cases and their 292 matched controls.
DNA extraction and 32 P-postlabelling DNA assay
Leukocyte DNA was isolated and purified from stored buffy coats by enzymatic digestion of RNA and proteins followed by phenol chloroform extractions [29] . DNA adducts were measured using the nuclease P1 32 P-DNA post-labelling technique, a method mainly effective at detecting bulky DNA adducts [16] . The detection limit used was 0.1 adduct per 10 9 normal nucleotides, as previously reported [29] . The levels of DNA adducts are expressed as Relative Adduct Labelling (RAL) values. The reproducibility of the 32 P-DNA post-labelling technique was verified analysing approximately 20% of DNA samples with a second independent experiment and the results of the two analyses were in good agreement (r = 0.98). Further validation data have been previously reported [30] . All the analyses were carried out blindly prior to decoding.
Statistical analyses
DNA adduct levels were expressed as mean (±SD) of the RAL values, and were analysed as continuous and categorical variables. To normalise the distribution of DNA adduct measurements, we performed analyses by using also logtransformed data. However, because results did not differ substantially, only results based on original data are here presented. Negative samples (those below 0.1 adduct/10 9 normal nucleotides, the threshold of detection of the method) were arbitrarily assigned a value of 0.1. We dichotomized DNA adducts into 'undetectable' and 'detectable' values according to the above-mentioned detection limit. We also classified the detectable samples into tertiles. Finally, we used the median value of RAL to divide DNA adducts into two groups (below and above the median).
Statistical significance of case-control differences in selected variables was evaluated by paired comparisons (t-tests) of case values versus the control values, in each case-control set. For categorical variables, a chi-square test was used. We have explored the relationship between DNA adduct levels and the BC risk with conditional regression models adjusting for potential confounders. Particularly, we have computed odd ratios (ORs) and 95% confidence intervals (95% CIs) in conditional regression models including terms for body mass index (BMI, kg/ mt 2 ), smoking habits, education level, age at menarche, age at first delivery, and alcohol consumption. We used dummy variables to categorise some variables included in the models (over-weight, obese versus normal weight; current-smoker, ex-smoker versus never-smoker; secondary, professional, high school, university degree versus no/ primary school). The other parameters (age at menarche, age at first delivery and alcohol consumption) were included as continuous variables. We carried out separate models by using different reference categories (i.e. undetectable values, the first tertile of detectable values, the values below the median). Further analyses were performed using unconditional logistic models including also the matching variables.
Cigarette smoking has been reported as important contributor to body levels of DNA adducts, particularly PAH-DNA adducts [31] . This factor is, therefore, considered as antecedent in the causal pathway for BC development [9] , and might not be included in the multivariate model performed to adjust for potential confounding. On the other hand, our previous studies did not report any significant association between smoking history and bulky DNA adducts [32, 33] . Thus, we included smoking habits as covariate in our regression models. But, we performed further statistical analyses by excluding smoking habits from the regression models, and by evaluating the association between DNA adducts and BC risk in each category of exposure according to the smoking habit (current-, ex-and never-smoker).
Finally, other analyses were performed in each category of exposure according to the menopausal status (pre-and post-menopause).
A P value less than 0.05 was considered significant. All the analyses were performed by the statistical package SAS (version 9.1 for Windows).
Results
Bulky DNA adducts were detected in 88.9% of the tested samples (257 cases and 262 controls, from 292 matched sets), while 65 samples (35 cases and 30 controls) resulted negative, i.e. with a DNA adduct level below the detection limit. Table 1 shows the mean values (±SD) of DNA adduct levels for cases and controls, overall and according to selected individual characteristics. The mean DNA adduct levels per 10 9 nucleotides (and corresponding SD) were 10.41 (±13.8) for cases and 10.96 (±12.6) for controls.
The observed difference in the mean values between the two groups was not statistically significant (P = 0.62). The median (and range) for cases and controls were 6.3 (0.1-109.8) and 7.45 (0.1-102.3) per 10 9 nucleotides, respectively. The plot of the distribution of DNA adducts levels in the two groups of subjects is reported in Fig. 1 .
No significant differences of DNA adduct levels were found between cases and controls in separate strata according to EPIC centre, BMI and smoking history categories (Table 1) . Within older women according to the age at blood donation (over the median, 52? years), a borderline effect emerged with lower DNA adduct levels in Table 1 Crude b P-value from Mann-Whitney test or v 2 test as appropriate to evaluate the differences of mean adduct levels of each subgroup between cases and controls c P-value for chi-square for trend within cases or controls d P-value for the differences between separate categories within cases or controls cases than in controls (P = 0.05). In the stratum of postmenopausal women, a significant difference between cases and controls was found, with significantly lower DNA adduct levels in cases (P = 0.02). A difference in the same direction was suggested in obese women (P = 0.11). Within both cases and controls, DNA adduct levels varied significantly between the EPIC centres (P = 0.03 and P = 0.0004, respectively), with the lowest values in Ragusa in both groups, and highest values in Turin among BC cases and in Naples among controls.
Among BC cases, but not among controls, DNA adduct levels were significantly lower in post-menopausal compared to pre-menopausal women (P = 0.008). DNA adduct levels tended also to be lower among older (P = 0.06), obese and never-smoker cases. When we compared current-smokers with non smokers (ex-and never-smokers combined), we found a significant difference with higher levels in current-smokers (P = 0.049). Among the controls, no significant differences emerged according to age, menopausal status, BMI and smoking history. Table 2 shows the adjusted ORs for BC (and 95% CIs) in relation to DNA adduct levels by separate conditional regression models by using different reference categories. Particularly, the adjusted OR for BC in relation to detectable DNA adducts as compared with undetectable levels was 1.14 (model 1). When DNA adducts were considered as a continuous variable (model 2), the OR was 1.00 for each increasing unit. The model 3 showed the adjusted OR for BC in relation to DNA adduct levels categorised in tertiles, with all undetectable samples placed in the referent category. The model showed no significant association between DNA adduct levels and BC risk, nor an increasing risk with increasing adduct levels. In the model 4 we used the first tertile of the detectable samples as referent category, reporting a lack of association between DNA adduct levels and BC risk. Finally, the model 5 wherein we used the dichotomic variable according to RAL median value (7.65), it did not report any significant association between DNA adducts and BC risk.
Further analyses were performed using unconditional logistic models including also the matching variables, i.e. age at blood donation (in continuum), menopausal status (pre/post menopause) and centre of enrolment. Results from these latter models were similar to the conditional regression models, and were not reported. In particular, in the analyses with the series restricted only to subjects with detectable samples, by model 2, we obtained similar results (OR = 1.01, 95% CI: 0.99-1.02).
Conditional regression models without smoking habits as covariate did not show any significant results about association between DNA adducts and BC risk (data not shown). Likewise, no significant results emerged by conditional regression models carried out in each category of exposure according to the smoking habit (data not shown).
Finally, no significant results were found by unconditional logistic models carried out separately in pre-and post-menopausal women, and including also the other matching variables (age at blood donation and centre of enrolment) (data not shown). 
Discussion
In this study we examined the association between bulky DNA adducts detected by the 32 P-postlabelling method in peripheral leukocytes and the risk of developing BC in the female Italian cohort of the EPIC study. Overall, no significant difference in DNA adduct levels emerged between cases and their matched controls. Conditional regression analyses adjusted for selected potential confounders did not show any significant association between DNA adduct levels and BC risk. Thus, our results provide no evidence that bulky DNA adducts measured in peripheral leukocytes are associated with BC risk.
Overall, our results are in disagreement with those reported by some previous studies showing a modest increase in BC risk related to DNA adducts [5] [6] [7] [8] . There are some differences between ours and the above-mentioned studies, particularly a different study design. Case-control studies, such as those cited above, are by their retrospective nature limited in their ability to establish causality of environmental factors: in 'case-control' studies the biomarker may reflect the disease rather than the aetiology. On the other hand, the major strength of our study is its prospective design: we carried out a 'nested' case-control study within a prospective study so the measurement of DNA-adducts in peripheral leukocytes was based on blood samples collected well before cancer diagnosis, thus ruling out the possibility that the higher adduct levels were due to changes related to the presence of cancer. An additional strength of our study is the relatively large sample size. We evaluated the DNA adduct levels in 292 matched samples (each with one BC case and her matched control), while the previous studies [5] [6] [7] [8] were based on a smaller number of samples. Only the Long Island Breast Cancer Study Project (LIBCSP) [9, 10] was based on a larger series, with 575 cases and 424 controls, but it used a different method for the detection of DNA adducts, i.e. the ELISA technique that resulted to be less sensitive than the 32 P-postlabelling method used in our study but, on the other hand, selective for PAH-DNA adducts.
To detect DNA adducts we used 32 P-postlabelling method like some previous studies [5, 6, 8] , but unlike others [7, 9, 10] . 32 P-postlabelling and immunoassays are the most widely used methods for the detection of carcinogen-DNA adducts. At a certain level, these two methods are not comparable due to only partial overlapping of their substrate specificities [34] . The 32 P-postlabelling method has the advantage of high sensitivity for bulky DNA adducts typically formed from aromatic compounds [16, 34, 35] , but is not suitable for the identification of specific DNA adduct structures. The immunoassay method, using antisera elicited against DNA modified with benzo(a)pyrene, recognises chemically related PAH-DNA adduct structures due to cross-reactivity of the antibody. Furthermore, immunoassays are influenced by the binding efficiency and crossreactivity of the DNA adducts, whereas 32 P-postlabelling is not always successful in labelling all the available adducts and there is a tendency for underestimation [34] .
Thus, we are unable to specify the exact composition of the detected adducts for subtype analysis. In a previous study carried out in the frame of EPIC-Florence study, by using the same method of DNA adducts detection ( 32 P-postlabelling), we reported a significant correlation between individual levels of bulky DNA adducts and the mean environmental levels of a specific air pollutant (ozone), measured in a period prior the blood drawing, in never-smokers residing in the Florence urban area and not occupationally exposed to vehicle traffic pollution [36] . The association between bulky DNA adducts and ozone concentration has been confirmed in a larger nested case-control study carried out in the frame of a larger European prospective study [25] . In a previous study we also reported that the average concentrations of particulate matter (based on PM 10 ), estimated at high-traffic locations, may predict the levels of DNA bulky adducts but only in a specific category represented by never-smoker traffic-exposed workers in the Florence urban area [37] . A recent pooled analysis including 3,600 subjects in which bulky DNA adducts were measured in white blood cells with similar 32 P-postlabelling techniques showed weak associations between bulky DNA adducts and exposure variables, and reported that seasonality and air pollution may partly explain some of the inter-area differences in DNA adduct levels across European countries, with higher mean values in Southern Europe [38] . This trend corresponds to the different levels of PM 10 and NO 2 observed across Europe [38] .
Another difference between ours and other studies is related to the type of sample used to evaluate DNA adduct levels. We used peripheral leukocytes, while the abovementioned studies used breast tissue samples [5] [6] [7] [8] , except the LIBCSP evaluating peripheral mononuclear cells [9, 10] . There are conflicting data regarding the relationship between DNA adduct formation in target and surrogate tissues, although recent studies have reported a significant correlation between the levels of DNA adducts detected in peripheral tissue (blood) and target tissues (bronchus, lung) [34, 39] showing thus that peripheral blood cells may be a valid surrogate tissue for estimating the burden of DNA adducts in target tissue. However, specific data about the correlation between DNA adducts detected in blood and breast tissue are not available.
Furthermore, we were unable to determine the specific contributions of all the possible exposure sources, both past and present, to the DNA adducts measured on leukocytes. Our analyses have not included environmental, nutritional and genetic factors, and we did not consider possible geneenvironmental interactions that might help explain the variability in individual DNA adduct levels and BC risk. The lack of association between DNA adducts and BC risk found in our series might reflect the variability in individual susceptibility, i.e. in DNA repair or specific metabolic pathways. Several parameters have been reported to influence the levels of DNA adducts, such as age, gender, BMI, physical activity, consumption of charcoal-broiled food, fresh fruit and vegetables, and genetic susceptibility [40] . However, our multivariate statistical analyses included as covariates several individual characteristics, besides the matching variables. Overall, a significant difference between cases and controls was found only in the sub-group of post-menopausal women, with lower values in cases than in controls. Similar differences were also suggested in the strata of older and obese women. In analyses carried out among cases, we also found that DNA adduct levels were significantly lower in post-menopausal women, and tended to be lower among older, obese subjects, and those not smoking at the time of blood donation. In contrast, the controls showed a more limited variability of DNA adduct levels. The meaning of this pattern of associations restricted to cases (healthy women who later developed BC) is unclear and warrants further investigations.
On the other hand, we found that DNA adduct levels varied significantly according to the geographical area, with the lowest values in Ragusa, a small town in Sicily, in both cases and controls. These results are in agreement with our previous studies [32, 33] reporting a difference on DNA adduct levels according to the EPIC centre with the lowest levels in Ragusa. These differences might be due to specific factors such as the variability in dietary and/or lifestyle habits, or in individual susceptibility, or more probably to differences in vehicle-traffic and photochemical pollution. We can reasonably exclude a laboratory bias because all samples have been analysed in mixed batches in a single study laboratory.
In conclusion, our relatively large nested case-control study carried-out in the frame of the EPIC-Italy study does not support an association between bulky DNA adduct levels measured on peripheral leukocytes by the 32 P-postlabelling method and development of BC. Larger studies by using different methods and/or biomarkers are needed to better evaluate the role of specific environmental carcinogens in breast carcinogenesis.
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